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In Brief
Hazan et al. report that the well-known autolysis of Pseudomonas aeruginosa shares characteristics with mitochondrial apoptosis. An excreted quorum-sensing molecule induces free radicals that selfpoison the respiratory chain, resulting in a potentially beneficial autolysis that promotes biofilm formation by surviving cells.
SUMMARY
Bacterial programmed cell death and quorum sensing are direct examples of prokaryote group behaviors, wherein cells coordinate their actions to function cooperatively like one organism for the benefit of the whole culture. We demonstrate here that 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO), a Pseudomonas aeruginosa quorum-sensing-regulated low-molecular-weight excreted molecule, triggers autolysis by self-perturbing the electron transfer reactions of the cytochrome bc 1 complex. HQNO induces specific self-poisoning by disrupting the flow of electrons through the respiratory chain at the cytochrome bc 1 complex, causing a leak of reducing equivalents to O 2 whereby electrons that would normally be passed to cytochrome c are donated directly to O 2 . The subsequent mass production of reactive oxygen species (ROS) reduces membrane potential and disrupts membrane integrity, causing bacterial cell autolysis and DNA release. DNA subsequently promotes biofilm formation and increases antibiotic tolerance to betalactams, suggesting that HQNO-dependent cell autolysis is advantageous to the bacterial populations. These data identify both a new programmed cell death system and a novel role for HQNO as a critical inducer of biofilm formation and antibiotic tolerance. This newly identified pathway suggests intriguing mechanistic similarities with the initial mitochondrial-mediated steps of eukaryotic apoptosis.
INTRODUCTION
Programmed cell death is a common hallmark of multicellular organisms and encompasses intracellular pathways that control self-death. While it was first identified in multicellular eukaryotes, programmed cell death systems have subsequently been also observed in unicellular eukaryotes such as yeast [1] and bacteria [2] . Noteworthy cases of bacterial programmed cell death pathways that operate during both planktonic or sessile growth are (1) toxin-antitoxin modules [3] , which can respond to environmental cues [4] , and to cell-to-cell communication signals [5] ; (2) cell-wall-synthesis genes that mediate autolytic activity in certain Gram-positive bacteria in response to environmental signals [6] ; and (3) fratricidal killing that occurs during biofilm formation and induces eDNA release, microcolony development, and cell dispersal [7] .
Cell lysis is a common phenomenon in bacterial cultures with debatable biological relevance. While such lysis was shown to be advantageous for some processes [7, 8] , including the prevention of phage spread [9, 10] , it is not commonly thought to impart any selective advantage to bacterial populations [11] . This is because in many cases cell lysis is mediated via selfish elements, such as bacteriophages or secreted lytic components including bacteriocins [12] and bacteriolytic antibiotics [13] or being a by-product of the assay conditions. Numerous bacterial paradigmatic group or population level phenotypes, referred also as ''multicellular''-like behaviors, have been documented in Pseudomonas aeruginosa (P. aeruginosa) [14] , a clinically significant Gram-negative pathogenic bacterium that in many infections defies eradication by antibiotics and forms biofilms [15] . One such well-studied bacterial group behavior is quorum sensing, a process of cell-to-cell communication, mediated by small excreted molecules that may act as infochemicals, enabling cells to coordinate their behavior and act together in a group manner.
P. aeruginosa possesses three major cell-to-cell communication systems, which control almost every aspect of its life cycle. These systems differ in their secreted signals. One of these systems, MvfR (PqsR) [16] , is induced by hydroxyl-alkyl-quinolones [17] . The MvfR transcriptional regulator controls the expression of a plethora of P. aeruginosa virulence factors and directs the synthesis of approximately 60 excreted low-molecular-weight molecules [17, 18] , most of which are synthesized through the PqsA-D enzymes [17, 19] . Among these secreted molecules are the hydroxyl-alkyl-quinolones (HAQs) 4-hydroxy-2-heptylquinoline (HHQ) [17] and its derivative 3,4-dihydroxy-2-heptylquinoline (PQS) [20] , which are the specific inducers of MvfR [19, 21] . Another HAQ, 2-n-heptyl-4-hydroxyquinoline-N-Oxide (HQNO), has been thought to lack quorum-sensing signaling activity and instead to function as a P. aeruginosa virulence factor against host cells and other competitive microorganisms in polymicrobial settings [22] . The MvfR-regulated genes pqsABCD [17] and the LasR-regulated gene pqsL [23] are required for HQNO synthesis [18] . HQNO levels are in tight correlation with the other MvfR-regulated QS molecules, whose synthesis is also catalyzed by the PqsABCD enzymes [18] . Yet, unlike other quorum-sensing molecules, HQNO is not known to exert its activity via a transcriptional QS regulator. HQNO is a well-known inhibitor of cytochrome bc 1 (also known as cytochrome c reductase or complex III) in the respiratory chain of bacteria and mitochondria of eukaryotes [24, 25] . It binds to the Q i site of this complex, interfering with the branch of the Q-cycle in which reducing equivalents are cycled back to the Q-pool, which results in occupancy of a semiquinone intermediate at the Q o , electron accepting site. With the Q i site blocked, the enzyme is only able to accept electrons one at a time. The semiquinone radical at the Q o site can react with O 2 , producing superoxide, a reactive oxygen species (ROS). In mitochondria, the production of ROS brings about a membrane potential shift and opening of the mitochondrial permeability transition (MPT) pores [26] , which then leads to mitochondrial dysfunction and secretion of their contents, actions that ultimately result in cellular apoptosis [26, 27] . P. aeruginosa cells naturally undergo autolysis during their planktonic growth. That this behavior occurs in most of its isolates since its discovery [28] [29] [30] suggests that it could provide a selective advantage to P. aeruginosa. Nevertheless, the exact mechanism and its potential biological significance remain almost unexplored. It has generally been assumed that induction of lysis in P. aeruginosa involves the activation of autonomous selfish elements, such as prophages or pyocins [29, 30] , and may also be related to cell-to-cell communication [30, 31] , despite the fact that no such elements or cell autolysis signaling molecules have been identified. Here, we show that HQNO functions as a self-poisoning molecule, in P. aeruginosa, mediating a programmed cell autolysis that benefits biofilm formation and antibiotic tolerance. The P. aeruginosa cell autolysis reported here is similar in many ways to the programmed cell death occurring in higher organisms.
RESULTS

Pseudomonas aeruginosa Autolysis Is a Programmed
Cell Death Process Induced by the Quorum-SensingRegulated Molecule HQNO After growing for 48 hr, planktonic cultures of P. aeruginosa began to exhibit cell lysis, reflected by a decrease in OD 600nm (Figures 1A and S1A-S1C) and also in the number of colony forming units (CFUs) (Figures 2A and S1D ). This observation is not limited to a specific strain (Figures S1A and S1B) or a specific growth condition as it is observed both in 96-well plates ( Figures 1A and 1B ) and in tubes, and in both PA14 and PA01 strains ( Figures S1C and S1D except PQS [18] . This correlation between autolysis and hydroxyl-alkyl-quinolones production indicates P. aeruginosa autolysis is mediated via an MvfR-regulated molecule synthesized by the PqsABCD enzymatic pathway. Furthermore, that an MvfR-regulated small molecule controls this autolysis suggests that this behavior is coordinated by cell density: quorum sensing. We next asked whether the autolysis-deficient phenotype of hydroxyl-alkyl-quinolones-deficient pqsA -cells can be rescued by adding the most abundant MvfR-regulated, PqsA synthesized quorum-sensing products; HHQ, PQS, or HQNO [18] at the onset of stationary growth. Figure 1E shows that only HQNO restored autolysis in a dose-dependent manner ( Figure 1F ) and at a level corresponding to its physiological concentration in stationary PA14 strain cultures ( Figure 1G ). Additionally, the pqsL -mutant, which produces HHQ and high levels of PQS [30] , but not HQNO [18] , only lysed upon HQNO addition ( Figure 1H ). To verify that the decreased OD 600nm corresponds to autolysis, we compared the number of viable cells in 24 and 48 hr parental and pqsA -cultures, with and without HQNO. Approximately 90% and 10% of the cells died between 24 and 48 hr for PA14 and pqsA -cultures, respectively, unless HQNO was exogenously added to pqsA -cultures ( Figure 2A ).
Extracellular DNA (eDNA), which is released into the culture medium during autolysis [34] , is another measure of cell lysis. As such, we used quantitative PCR of the rpoD and ldhD housekeeping genes to measure PA eDNA in cell- The role of the bc 1 complex in ROS production is highlighted, and its activity in various growth stages is shown in Table S1 . Figure 3A ), leading to swelling and rupture of the organelle and eventually cellular apoptosis [25] . Such effects prompt us to examine whether HQNO also causes programmed cell death in P. aeruginosa via the respiratory chain when molecular oxygen is the final electron acceptor in the presence of nitrate (Figure 3B ). Figure 3C shows that pqsA -cultures supplemented with antimycin A, which also binds at the Q i , induced pqsA -cell autolysis, indicating that P. aeruginosa programmed cell death can occur via interference with the electron transfer functions of cytochrome bc 1 complex. To further confirm this, we assessed autolysis in mutants of P. aeruginosa in which the following components of the cytochrome bc 1 complex were genetically deleted or disabled: the cytochrome b subunit (cytb1, PA14_57560) and the Rieske subunit (PA14_57570) ( Figure 3A ). Figure 3D demonstrates that both mutants grew less well overall, did not autolyse, and were insensitive to added HQNO, as compared to WT cells. Moreover, in contrast to the Q i site inhibitors HQNO (Figure 1 ), and antimycin A (Figure 3C) , the known Q o site inhibitor myxothiazol, prevented WT cell autolysis ( Figure 3E ) and lysis of pqsA -cells induced by externally added HQNO ( Figure 3F ). These results reveal that HQNO-mediated programmed cell death in P. aeruginosa depends on both specific inhibition of the Q i site, and an intact functional and uninhibited Q o site.
To confirm the role of cytochrome bc 1 complex in programmed cell death, we verified that this enzyme was present and active in the cells at the appropriate times. To this end, we directly assessed the activity of the cytochrome bc 1 complex by measuring the rate of electron transfer from quinone to cytochrome c, catalyzed by cell membranes. As depicted in Figure 3B , the entire electron flow from quinone to oxygen must pass through both the cytochrome bc 1 complex and cytochrome c. In the presence of potassium cyanide, which blocks the cytochrome c oxidases (cytochromes cbb 3 and aa 3 ), and since there is no pathway from cytochrome c to oxygen, cytochrome c will remain reduced [35] . Thus, the activity of the cytochrome bc 1 complex in membranes of P. aeruginosa can be measured by adding ubiquinol and ferri-cytochrome c, in the presence of cyanide, and measuring the reduction of the cytochrome c spectrophotometrically at 550 nm [36] . PA14, pqsA -, and pqsA -cells that received HQNO exogenously were harvested at the late exponential phase (16 hr), mid-stationary phase (24 hr), and cell death phase (30 hr), and the cytochrome bc 1 complex activity in the cell membranes was measured as a function of total membrane protein. Table S1 shows significant cytochrome bc 1 complex activity at each time point, confirming the presence of a sufficient active complex throughout the growth cycle to account for the formation of ROS during respiratory activity in these cells. That pqsA -mutant cells also exhibit the presence of an active cytochrome bc 1 complex throughout the growth cycle suggests the expression of this enzyme is not linked to the synthesis of HQNO (Table S1 ).
The ROS Burst Mediated by HQNO Inhibition of bc 1 Complex Q i Site Promotes Cell Autolysis Inhibition of the mitochondrial cytochrome bc 1 complex Q i site induces a burst of reactive oxygen species (ROS), in particular, superoxides [37] , which are potent cell death inducers [38] . We quantified ROS production in P. aeruginosa cells grown pre-(24 hr), during-(31 hr), and post-autolysis (48 hr and 60 hr) (Figure 4A ), using electron paramagnetic resonance (EPR) spin trapping to quantify the decay of the EPR signal of the stable radical 2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO) (Figure S2A) . In contrast to pqsA -cells, both WT and HQNO-treated pqsA -cultures exhibited a large burst of ROS during autolysis ( Figure 4A ). These results were validated by measuring emission changes of the ROS-sensitive dye H 2 DCFDA ( Figure S2B ). To further confirm that increased superoxides during stationary phase stimulated autolysis, we added the superoxide-inducing agent N,N 0 -dimethyl-4,4 0 -bipyridinium dichloride (paraquat) to a pqsA -culture. Paraquat-induced ROS restored autolysis in a dose-dependent manner ( Figure 4B ). Furthermore, ROS scavenging agents prevented autolysis: addition of either glutathione ( Figures 4C and 4E ) or L-cysteine ( Figures 4D and 4F ) to PA14 ( Figures 4C and 4D) or to HQNO-plus pqsA -cultures ( Figures   4E and 4F ) decreased the autolysis rate in a dose-dependent manner. Thus, as in mitochondria [37] , HQNO inhibition of P. aeruginosa cytochrome bc 1 complex Q i site generates a ROS burst, which is prevented by the addition of exogenous ROS scavenging agents. Interestingly, natural intracellular glutathione levels were sharply reduced at stationary phase (Figure 4G ). As such, the timing of autolysis at the onset of stationary growth is likely the outcome of a fine-tuned and time-sensitive interplay between the accumulation of antioxidants versus ROS-inducing agents, like HQNO, in concert with the antagonism of positive and negative signals regulating MvfR quorum sensing [17] .
Pyocins and PF5 Phage Are Not Involved in HQNOInduced Autolysis P. aeruginosa autolysis has previously been proposed to result from prophage induction [30] , as seen for autolysis in other bacteria. The PA14 genome harbors phage-like elements such as the PF5 prophage, and the R and F type pyocins clusters that encode for P2 and lambda phage-like particles that are produced upon oxidative stress [39] . However, Figure S3 shows that these putative selfish genetic elements are not required for the HQNO-induced autolysis since mutants with a knockout of all 38 genes of the R-F pyocin cluster (Figure S3A ), or insertions mutants in single R-F and S-type pyocins ( Figures S3A and S3B ) or PF1 lysogen genes ( Figure S3C ), did not exhibit impaired lysis.
A High-Throughput Genetic Screen Identifies AutolysisRelated Genes
We performed a high-throughput genetic screen to identify downstream elements leading to bacterial cell death. Using the PA14 non-redundant mutant library [40] , we recorded the OD 600nm of 5,658 mutants daily over a 7-day period. Mutants with impaired autolysis were collected, compared to pqsA -and PA14 cultures, and tested for HQNO sensitivity to autolysis. A total of 41 mutants defective in autolysis were identified (Table S2 ; Figure S4 ). results that a mutation in lasR -allowed escape from lysis [31] , likely because LasR positively controls pqsL [23] . The pqsL -mutant was not identified in the screen because the relevant mutant is absent from the mutant library [40] . Using a Search Tool for the Retrieval of Interacting Genes/Protein (STRING, http://string-db.org/), we discovered that three of the isolated mutants were linked to tryptophan metabolism, which is a precursor of anthranilic acid, the precursor of HQNO [17, 18] , including PA14_09630 (a putative acylCoA dehydrogenase), PA14_10320 (a putative transcriptional regulator), and PA14_30750 (a putative tryptophan oxygenase). In addition, a mutation in the gene ogt (PA14_51440) attenuated autolysis, which was restored by HQNO. ogt is located adjacent to pqsA -and annotated as a methylated-DNA-protein-cysteine-methyltransferase, which participates in DNA repair. This gene had not been linked to HQNO previously. Five more genes (PA14_60780, PA14_65420, PA14_44440, PA14_50200, and PA14_10160) are annotated as components of putative pumps or transporters, although their respective involvements in the excretion/uptake of HQNO are unknown. Finally, five additional autolysis impaired strains carried gene mutations with no obvious link to HQNO production or action.
HQNO failed to restore the autolysis phenotype to 20 of the isolated mutants, suggesting that their products are involved in autolysis either downstream of HQNO production, or function in a parallel pathway. First, as expected, were the respiratory chain components described above, including cytb1 (PA14_ 57560) and PA14_57570 (the Rieske subunit) ( Figure 3A ). We identified five additional genes related to the respiratory chain, including roxR (PA14_58300) and roxS (PA14_58320) (Figure S4) , which encode a two-component regulatory system controlling the expression of a cyanide insensitive oxidase known to play a role in P. aeruginosa interactions with airway epithelial cells [41] . We also identified a gene encoding polyferredoxin (PA14_ 44420), which is under the control of RoxRS [42] , and a cytochrome c biogenesis factor (cycH, PA14_45280). These screen results also suggest that rpoN has a role in the autolysis of P. aeruginosa (Table S2 ). The rpoN gene (PA14_57940) encodes the alternative sigma factor s
54
, a global regulator that plays a role in adaptation and survival of P. aeruginosa and other bacteria [43] .
No obvious link to the autolysis process for the remaining 14 genes identified in the screen was found. In conclusion, this screen provides supportive evidence that P. aeruginosa spontaneous autolysis is an MvfR-dependent process that involves HQNO-mediated inhibition of the cytochrome bc 1 complex.
HQNO-Mediated Bacterial Membrane Disruption Leads to Cell Autolysis
Our screen did not identify any lytic genes (e.g., bacteriophages or holin homologs) or cell-wall-synthesis-associated genes (e.g., cidA or lrgA) known to be involved in bacterial lysis [6] that could serve as effectors to mediate autolysis. Since inhibition of the Q i site of the cytochrome bc 1 complex in mitochondria induces the opening of MPT to effect the disintegration of the membrane and secretion of mitochondrial contents [26] , we asked whether P. aeruginosa autolysis is due to a similar mechanism. As such, we assessed bacterial membrane potential and permeability during P. aeruginosa programmed cell death. Figure 5 provides evidence that HQNO similarly mediates membrane disruption to cause autolysis. For this experiment, we used the fluorescent membrane-potential-sensitive cyanine indicator, DiOC 2 (3), which is typically used to determine mitochondrial and bacterial [44] membrane potential. Using flow cytometry, we showed that the DiOC 2 (3)red/green fluorescence ratio was similar in PA14 cultures and pqsA -cultures, with or without HQNO, at 24 hr pre-autolysis ( Figure 5A ). At 72 hr post-autolysis, the red/green ratio remained high in non-lysed pqsA -cells, indicating the majority maintained high membrane potential. In contrast, this ratio in the PA14 and HQNO-plus pqsA -autolysing cells was greatly decreased, demonstrating membrane potential disruption ( Figure 5A ). Altered potentials were also clearly observed via the red/green profiles over time ( Figures 5B and 5C ). We further assessed membrane permeability with propidium iodide, a red dye that only penetrates cells with disrupted membranes, and is commonly used for bacterial live/dead staining ( Figure 5D ). Figure 5E shows that the quantification of intact PA14 and HQNO-treated pqsA -cells were both significantly lower versus that of untreated pqsA -cells (p < 0.01).
HQNO-Mediated Autolysis Promotes Biofilm Formation via eDNA Release and Increases Antibiotic Tolerance
There is no clear advantage for a unicellular organism to commit suicide, unless this benefits the long-term success of the cell population within the context of the group behavior of bacteria [45] . As such, what might be the selective advantage for P. aeruginosa to specifically induce autolysis? We hypothesized that one such advantage could be the promotion of biofilm formation because: (1) biofilm formation in P. aeruginosa is regulated by quorum sensing [46] ; (2) eDNA is secreted during cell lysis ( Figure 2B ) and was shown to contribute to biofilm growth [46] ; (3) biofilm formation of P. aeruginosa is accompanied by eDNA secretion [8] ; and, most significantly, (4) pqsA -cells support less biofilm compared to WT cells [47] ( Figure 6A ). Thus, we tested whether HQNO-mediated lysis promotes biofilm formation. Cells were grown in polystyrene 96-well plates, and biofilm was allowed to form for 48 hr in the presence or absence of HQNO and stained using crystal violet. Indeed, HQNO addition restored pqsA --deficient biofilm formation ( Figure 6A ). However, it could be argued that this biofilm enhancement was due to increased amounts of cellular debris resulting from lysis rather than increased CFU; thus, we enumerated the viable cells within the biofilm. Figure 6B demonstrates that the number of viable cells within the biofilm is higher in both parental and pqsA -mutant plus HQNO compared to pqsA -. To determine whether the release of eDNA during cell autolysis could have a structural role to the biofilm buildup, we added DNase to the biofilm medium. As expected, DNase addition lead to reduced biofilm in both PA14 and pqsA -mutant cells with added HQNO (Figure 6B ), indicating that DNA release during HQNO-promoted autolysis contributes to the HQNO-mediated biofilm formation. One of the key characteristics of biofilms is their inherent tolerance to antibiotics. We therefore asked whether the HQNO-mediated biofilm increase is associated with a higher tolerance to antibiotics. Figure 6C shows that pqsA -biofilm becomes more tolerant to the beta-lactam antibiotic meropenem in the presence of HQNO and that DNase addition reverses this tolerance ( Figure 6D ). These data strongly suggest that HQNO-mediated enhancement of biofilm formation, and its associated antibiotic tolerance, provides a potential selective advantage.
DISCUSSION
This study describes a novel quorum-sensing-regulated bacterial mechanism that controls a type of programmed cell death autolysis in P. aeruginosa that provides a fitness benefit to the collective. We provide evidence that this ''programmed cell death'' pathway is induced by specific self-poisoning of the respiratory chain via the MvfR-quorum-sensing-regulated small molecule, HQNO. HQNO disrupts the flow of electrons through the respiratory chain at the cytochrome bc 1 complex, leading to the formation of ROS, membrane damage, and ultimately cell death by autolysis ( Figure 7A ). We show that this autolysis (C) Survival fraction of biofilm cells exposed to various concentrations of the antibiotic meropenem. The survival fraction represents the ratio between biofilm viable cells after and before antibiotic treatment. pqsA biofilm is more sensitive than PA14 to 1, 10, or 100 mg/ml Meropenem (p < 0.015, p < 0.001 and p < 0.005, respectively) and HQNO addition reduces pqsA sensitivity (p < 0.05, p < 0.01, or p < 0.5, respectively, unpaired t test with Bonferroni correction). (D) Effect of DNase I on the survival fraction of biofilm cells exposed to meropenem (100 mg/ml). The addition of DNase in PA14 or pqsA + HQNO increases biofilm sensitivity to meropenem (p < 0.01 and p < 0.6, respectively), whereas addition to pqsA does not (p < 0.005, unpaired t test with Bonferroni correction). Error bars show mean ± SEM of at least three replicates. No differences in minimal inhibitory concentration (MIC) (0.25 mg/l) were found between parental and isogenic pqsA -mutant.
is beneficial, as it contributes to biofilm formation and increases antibiotic tolerance ( Figure 6 ). These data identify both a new programmed cell death system and a novel role of HQNO as its inducer and provide direct evidence that this process provides a fitness benefit to the collective. There are several reasons why the P. aeruginosa HQNOdependent autolysis we describe here could be a notable example of an altruistic and advantageous ''programmed cell death'' mechanism that provides a fitness benefit to the collective: (1) it is induced by bacterial components per se and not by selfish elements (Figure S3 ), as previously assumed that P. aeruginosa lysis is a result of lysogenic phage induction [30] ; (2) it is well conserved among P. aeruginosa isolates ( Figure S1 ) [28, 29] , suggesting that it provides an evolutionary advantage to bacterial populations; (3) unlike bacterial metabolic waste that may accumulate and kill the bacterial cell (i.e., acetic acid), HQNO belongs to the well-regulated hydroxyquinolone family of signaling molecules known to promote virulence [18] , suggesting that it is unlikely that this molecule is produced inadvertently to poison P. aeruginosa; (4) it is produced in bacterial cultures and in vivo in infected animal and human tissues [49] , indicating that it is not a by-product of the assay conditions; and (5) it promotes biofilm and antibiotic tolerant/persister cells formation, which allows cells to evade antibiotic-induced killing ( Figure 6 ) and potentially a wide variety of other environmental stresses or microbial anti-Pseudomonas compounds in polymicrobial settings. These findings strongly suggest that the autolytic ''programmed cell death'' of single cells is advantageous to the surviving of the group. Moreover, both biofilm and antibiotic tolerance contribute to bacterial survival and both may have critical clinical implications in chronic, persistent, and relapsing infections caused by this pathogen.
HQNO effects on biofilm formation and antibiotic tolerance appear to be due to extracellular DNA release as the presence of DNase inhibits those two phenotypes ( Figure 6 ). eDNA is known to facilitate biofilm formation and maturation as it reduces repulsive forces between cells and surfaces, promotes acidbase interactions, provides structural stability, and guides cell motility inside the biofilm for maturation [34] . Consequently, eDNA may significantly change the biofilm architecture and reduce antibiotic penetration inside biofilms, therefore promoting survival of the biofilm population. As such, our findings provide another example for bacterial coordinated group behavior that during their life cycle sacrifices subpopulations of cells for the benefit/fitness of the entire population [7] . That autolysis is advantageous for long-term bacterial survival since it favors the generation of biofilm and persister cells raises the question of whether antibiotic treatment using lysis-inducing antibiotics, such as b-lactams, or the suggestive phage therapy [50] , could be a double-edged sword, in that they could actually promote chronic infections.
How do the bacterial cells time their autolysis? We have found that at least two processes are involved in this determination: the accumulation of the quorum-sensing-regulated HQNO and the levels of glutathione that drop at the onset of the stationary phase ( Figure 4G ) (note that this occurs even in the pqsA -mutant, which does not make HQNO, showing that this is not simply the consumption of glutathione by ROS as part of the autolysis pathway itself). Thus, it seems that P. aeruginosa autolysis is tightly regulated and not simply a stochastic event.
Notably, P. aeruginosa seems to lack the conventional programmed cell death systems previously observed in other bacteria, and its cell-wall-degrading enzymes, which share homology to those responsible for programmed cell death in other bacteria, have little effect on cell death [8] . However, the mode of action of HQNO reported here reveals a novel programmed cell death system that also uses ROS to induce cell death ( Figure 4 ) via membrane depolarization, similar to toxinantitoxin systems [3] .
Although P. aeruginosa lacks the toxin-antitoxin system, differentially induced autolysis may occur in this pathogen as well, because WT cells naturally autolyse in the planktonic phase (Figure 1) , and in biofilms [47] , but not on plates [30] . Nevertheless, it has not been determined whether the lysis observed on plates is selfish element dependent.
There are intriguing similarities between the P. aeruginosa programmed cell death mechanism described here and the first steps of eukaryotic mitochondrial apoptosis [26] . Both processes can be induced through the inhibition of the Q i site of the cytochrome bc 1 complex by either HQNO or antimycin A ( Figures 1F and 3B) , and both are inhibited by the Q o site inhibitor myxothiazol ( Figures 3D and 3E) , and cyclosporine A, which is a well-known inhibitor of eukaryotic mPTP pores [48] , also inhibited P. aeruginosa autolysis (Figures 7B and 7C ). The cyclosporine A findings strongly suggest that the eukaryotic mPTP exists in P. aeruginosa and that it has structural homology with the mPTP sufficient for the inhibitor to work. However, the genetic screen performed did not reveal the existence of a pore complex. A possible explanation may be that the mPTP-related genes are essential.
HQNO disrupts the cytochrome c Q-cycle mechanism by inhibiting the recycling of reducing equivalents back to the Q-pool. As such, Q i site inhibition leads to the accumulation of ROS and disruption of the enclosing membrane ( Figure 4A ) [37] . In the case of P. aeruginosa, ROS-induced loss of membrane integrity results in the release of intracellular contents into the medium, while in mitochondria, the contents of the organelle are released into the cytoplasm [26] . Among the contents released when mitochondria are disrupted is cytochrome c, which initiates the eukaryotic cell apoptotic programmed cell death cascade [27] . The bacterial content release as a result of the autolysis promoted by HQNO increases biofilm formation and antibiotic tolerance ( Figure 6 ). It is noteworthy that cytochrome c plays a critical role in generation of ATP, and also that lower levels of proton motive force (pmf) and lower ATP concentrations promote bacterial dormancy and persister cells, corroborating our findings on HQNO relevance on antibiotic tolerance.
Several studies have shown similarities between bacterial programmed cell death and the cytoplasmic steps of eukaryotic apoptosis [6] . In contrast, the current study identifies a bacterial ''programmed cell death'' system with similarities to the initial apoptotic events in the mitochondria and provides initial evidence of the potential benefits of the bacterial programmed autolysis observed. Considering the endosymbiotic hypothesis for the bacterial origin of mitochondria, this study raises the question whether the initial steps of the eukaryotic apoptosis pathway originated from bacterial autolysis as it is mechanistically related to the HQNO-mediated pathway of the paradigmatic bacterium P. aeruginosa.
EXPERIMENTAL PROCEDURES
A detailed description of all experimental and statistical methods used is included in Supplemental Experimental Procedures.
Bacterial Strains Growth Conditions and Compounds
The P. aeruginosa strains used in this article are from our strain collection. The mutant screen was performed using the non-redundant library of PA14 mutants [40] .
Cytochrome c Reductase Activity Measurements Cells were prepared as detailed in Supplemental Experimental Procedures. Cytochrome bc 1 complex activity in cell membranes was measured spectrophotometrically by following the reduction of cytochrome c, coupled to the oxidation of reduced ubiquinone. The quinol was prepared as reported previously.
ROS Detection by Spin Trapping Measurements Coupled with Electron Paramagnetic Resonance Spectroscopy
For EPR in bacterial cultures, samples were treated with the spin trapping agent 2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO). The decay of TEMPO signal as a result of ROS was calculated as the slope of the linear regression of differences between the high and low signal peaks ( Figure S2A ).
Microscopy, Live/Dead Staining, and ROS Staining Membrane integrity staining was performed using the LIVE/DEAD BacLight Kit. For ROS detection, H 2 DCFDA was used.
Membrane Potential Detection
Membrane potential was assessed using the Baclight Membrane potential kit. Cells were stained with DiOC 2 and analyzed by flow cytometry with an excitation wavelength of 488 nm and emission wavelengths of 530 nm (green) and 675 nm (red). The gate ''non-lysing'' (NL, Figure 5B ) was set on the pqsA -cells at the early time point and the ''lysing'' gate (L; Figure 5B ) was set on the pqsA -+ HQNO cells at the late time point.
Biofilm Quantification
To assess biofilm formation, cells were grown for 48 hr in M63 minimal media supplemented with 0.2% glucose, 0.5% casaminoacids, and 1 mM magnesium sulfate. Biofilm biomass was measured by crystal violet staining and cells number was assessed by CFU count.
Hydroxyl-Alkyl-Quinolones Detection
Hydroxyl-alkyl-quinolones in bacterial culture supernatants were quantified by liquid chromatography-mass spectrometry (LC/MS) as described [18] .
Glutathione Detection
Relative glutathione levels were determined using the GSH/GSSG-Glo Assay Kit (Promega), with the bacteria lysing step modified as detailed in Supplemental Experimental Procedures. High-throughput screen of the non-redundant PA14 mutant library is also detailed in Supplemental Experimental Procedures. 
SUPPLEMENTAL INFORMATION
